The use of ozone as an oxidizing agent for atomic layer deposition (ALD) processes is rapidly growing due to its strong oxidizing capabilities. However, the effect of ozone on nanostructured substrates such as nitrogen-doped multiwalled carbon nanotubes (NCNTs) and pristine multiwalled carbon nanotubes (PCNTs) are not very well understood and may provide an avenue toward functionalizing the carbon nanotube surface prior to deposition. The effects of ALD ozone treatment on NCNTs and PCNTs using 10 wt. % ozone at temperatures of 150, 250, and 300 C are studied. The effect of ozone pulse time and ALD cycle number on NCNTs and PCNTs was also investigated. Morphological changes to the substrate were observed by scanning electron microscopy and high resolution transmission electron microscopy. Brunauer-Emmett-Teller measurements were also conducted to determine surface area, pore size, and pore size distribution following ozone treatment. The graphitic nature of both NCNTs and PCNTs was determined using Raman analysis while x-ray photoelectron spectroscopy (XPS) was employed to probe the chemical nature of NCNTs. It was found that O 3 attack occurs preferentially to the outermost geometric surface of NCNTs. Our research also revealed that the deleterious effects of ozone are found only on NCNTs while little or no damage occurs on PCNTs. Furthermore, XPS analysis indicated that ALD ozone treatment on NCNTs, at elevated temperatures, results in loss of nitrogen content. Our studies demonstrate that ALD ozone treatment is an effective avenue toward creating low nitrogen content, defect rich substrates for use in electrochemical applications and ALD of various metal/metal oxides.
I. INTRODUCTION
Since the discovery of carbon nanotubes (CNTs) in 1991, 1 their remarkable electronic and mechanical properties have attracted a great deal of attention. The potential applications of CNTs include: sensors, field emission displays, use in hydrogen storage media, and nanosized semiconductor devices, probes, and interconnects. 2 Furthermore, CNTs intrinsically have a high electronic conductivity and large accessible surface area, making them attractive candidates for electrochemical devices. 3 In order to enhance their performance, broaden their properties and expand their applications, various chemical and physical approaches have been pursued to modify the surface of CNTs. Due to the inert and hydrophobic nature of CNTs, surface modification and functionalization is essential for their application. For example, recent studies have shown that the surface modification techniques of CNTs result in the enhancement of lithium storage by allowing access to the inner regions of the tubes via defects and edge formation sites. 4 Many types of surface modification techniques are employed on CNTs including: mechanical griding, 5 electron irradiation, 6 covalent bonding of functional groups, 7 and noncovalent wrapping or adsorption of mediating molecules onto the carbon nanotube (CNT) surface. 8 Among various surface modification techniques, the bonding of oxygencontaining functional groups to the side walls of CNTs is a popular and versatile approch. 9 Deliberate incorporation of surface oxygen onto CNTs has been achieved through a variety of techniques including chemical oxidation, 10 plasma treatment, 11 and functionalization using synthetic organic chemistry. 12 Chemical oxidation is widely used due to its uniform contact and even distribution of defect density. However, wet chemical oxidation techniques typically use strongly oxidizing chemicals and ultimately lead to tube deterioration and impurities. 10 Gas phase oxidation of CNTs can also be used to create defects and functional groups with the use of oxidizing gasses such as ozone. Gas phase ozonolysis of CNTs has been previously shown to create better adhesion and compatibility with polar surfaces as well as improve dispersion and reactivity with polymeric matrices or solvents. 13 Smalley et al.
14 reported the oxidation and etching of CNTs using O 3 at room temperature and demonstrated that the geometrically strained curvature of CNTs resulted in ozone having a high reactivity toward conjugated carbon double bonds. Other studies have also shown that ozonolysis of CNTs results in the shortening of tubes as a result of the oxidation process. 15 Another method toward the surface modification of CNTs is the doping of heteroatoms such as nitrogen, 16 phosphorus, 17 and boron 18 into the CNT matrix. This method has resulted in improved physical and electrochemical properties of CNTs. [19] [20] [21] [22] Nitrogen-doped CNTs (NCNTs) have been shown to be more chemically active than CNTs due to increased surface defects introduced by nitrogen doping. 23 NCNTs have also been shown to have a profound effect on oxygen reduction reaction activity as well as enhanced catalytic splitting of water. 24, 25 Furthermore, NCNTs with low a) Electronic mail: xsun@eng.uwo.ca nitrogen content have displayed decreased charge-transfer resistance with enhanced electrochemical activity, attributed to the incorporation of graphitic nitrogen atoms. 26 Both CNTs and NCNTs are seen as attractive candidates for the atomic layer deposition (ALD) processes where thin conformal films can be deposited on high surface area substrates. The ALD of various metal oxides on functionalized CNTs has been shown to greatly improve the performance of supercapacitors, 27 transistors, 28 and field emission devices. 29 However, due to the chemically inert nature of CNTs, ALD deposition on their surface is difficult. For this reason, NCNTs, which have a greater number of active sites, are seen as an attractive candidate for ALD processes. Doped-N atoms have the ability to facilitate or promote the adsorption of precursor molecules in order to initiate the deposition process 30 and have been shown to aid in the ALD of aluminum phosphate, 31 iron oxide, 30 lithium titanium oxide, 32 tin oxide, 33 and zirconium oxide. 34 However, the effect of ozone exposure by ALD on these substrates is not very well understood. Jandhyala et al. 35 demonstrated that the use of ozone allows for the functionalization of graphene surfaces and provides a nondestructive way for nucleating growth. The study however did not go into detail as to the amount of ozone exposure required to begin graphene functionalization or how ozone aids in the nucleation process. Given the increasing number of ALD processes that utilize ozone as an oxidizing gas and the attractiveness of CNTs and NCNTs as substrates for ALD, it is imperative to understand the effect ozone may have on these substrates. Furthermore, since the extensive exposure of CNTs to ozone has been previously shown to cause significant destruction, control over exposure conditions and understanding the consequences of ozone oxidation are important parameters to take into account. ALD offers an ideal avenue toward understanding the effect of ozone on these substrates by allowing precise control of ozone exposure in a wide temperature window. In this article, we report the effects ozone has on pristine multiwalled CNTs (PCNTs) and multiwalled NCNTs by ALD. A systematical study was carried out to investigate the effects of temperature, ALD cycle number, and ozone pulse time on the surface modification of PCNTs and NCNTs. Moreover, the working mechanism of ozone on NCNTs was explored and discussed. To the best of our knowledge, this is the first study to thoroughly determine the effect of ALD-ozone on PCNTs and NCNTs and the defects it produces.
II. EXPERIMENT
A. ALD-ozone process PCNTs were purchased from Shenzhen Nanotech Port Co., Ltd., with a diameter range of 30-150 nm. NCNTs with a diameter range of 20-40 nm were prepared by ultrasonic spray pyrolysis as outlined previously. 26 Both PCNTs and NCNTs were ultrasonicated in ethanol for 20 min and dispersed on aluminum foil for ALD-ozone treatment. Ozone experiments were performed in a commercial ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., USA) using 10% ozone (by weight) generated by an OL80F generator. Nitrogen (99.999%) was selected as the carrier gas with a flow rate of 15 sccm. The ALD reactor was evacuated by a vacuum pump (Pascal 2005 I, Adixon) and reached a base pressure of around 0.7 Torr. Ozone treatment was carried out at a temperature range of 150-300 C. One cycle of ALDozone treatment consisted of the following three steps: (1) a 2 s or 4 s ozone pulse; (2) a 2 s extended exposure of ozone; (3) and a 10 s nitrogen purge to remove residual ozone and possible by-products.
B. Characterization of ozone treated PCNTs and NCNTs
A field-emission scanning electron microscope (Hitachi 4800S) was employed to observe the morphologies of ozone treated PCNTs and NCNTs. In addition, the tube walls of ozone treated NCNTs and CNTs was examined by highresolution transmission electron microscopy (HRTEM, JEOL 2010 FEG). Raman scattering spectra was recorded on a HORIBA Scientific LabRAM HR Raman spectrometer system equipped with a 532.4 nm laser. X-ray photoelectron spectroscopy (XPS) data were obtained using a Kratos Axis Ultra a unit operating at 14 kV. N 2 adsorption-desorption behavior was monitored using a TriStar II 3020 (Micrometrics, USA) at 77 K. Isotherms were fitted according to the Barett-Joyner-Halenda (BJH) theory to give surface area, pore size, and pore size distribution. C, the level of destruction is not uniform and varies from one tube to another. From the above results, it is clear that ozone treatment at 250 C and 300 C results in significant destruction to NCNTs but not to PCNTs. Since nitrogen doping is a major difference between these two materials, it is reasonable to speculate that nitrogen content plays a significant role in the destruction of NCNT surface.
III. RESULTS AND DISCUSSION
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Armed with the understanding that a reaction between ozone and NCNT surface begins at 250 C, analysis toward the amount of ozone exposure required to cause destruction was undertaken. ALD provides two unique ways to control ozone exposure, varying number of ALD cycles and controlling ozone pulse length. Figure 2 displays SEM images of NCNTs after ozone treatment with either 2 s or 4 s pulse with varying cycle number at a temperature of 250 C. Using a 2 or 4 s pulse of ozone for 250 cycles fails to create any visible holes or defects, as indicated in Figs. 2(a) and 2(d). Increasing to 500 cycles, destruction of NCNTs is observed at both 2 s and 4 s ozone pulse lengths and can be seen in Figs. 2(b) and 2(e), respectively. The destruction of NCNTs occurs to a much larger extent using 4 s pulse length than using 2 s. Figure 2 (e) also indicates that a 4 s 500-cycle ozone treatment results in the removal of large pieces of NCNTs outer wall surface; however, the tubular structure remains intact. Increasing the number of ALD cycles to 1000 results in the formation of large carbon nanoparticles, as shown in Figs. 2(c) and 2(f). The level of destruction from a 4 s pulse of ozone at 1000 cycles results in greater destruction to the NCNTs, than a 2 s pulse. The appearance of such large carbon particles is a clear indication that 1000 ALD cycles of ozone has a significant effect on NCNTs. The above results suggest that ozone exposure time plays a role in the surface modification of NCNTs.
TEM was employed to gain a more detailed picture as to the structure of NCNTs before and after ozone treatment. As shown in Fig. 3(a) , the original NCNTs exhibit a bamboolike structure with a smooth outer wall. However, Fig. 3(b) demonstrates that following ozone treatment at 150 C, small agglomerated carbonaceous material covers the NCNT surface. Increasing the reactor temperature to 250 C leads to the formation of much larger agglomerated carbonaceous material accompanied by partial destruction to the outer walls. Black circles shown in Fig. 3(c) NCNTs but also leads to the formation of spherical carbonaceous material and loss of bamboo structure. These results further prove that nitrogen content plays a critical role in the surface modification of CNTs. Raman spectroscopy was employed to determine the effect of ozone treatment on the structural ordering in NCNTs. Figure 4 (a) presents raw Raman data collected for NCNTs and displays two prominent peaks at 1350 cm À1 and 1580 cm
À1
. The peak occurring at 1350 cm À1 is typically a representation toward the amount of disorder within the graphitic plane, commonly referred to as the D band, while the peak at 1580 cm À1 reflects well-graphitized carbons in NCNTs, and is referred to as the G band. 36 The data collected indicate an increase in the D-band intensity with elevating reactor temperature while G band intensity decreases. Similar to SEM results, Raman data collected for ozone treated PCNTs at different temperatures (supporting information C. Furthermore, the information presented provides strong evidence that an activation barrier may exist between 150 C and 250 C and causes ozone to react with nitrogen doping elements that exist in NCNTs. The information presented for pulse length and cycle number versus I D /I G ratio in the same graph is also in good agreement with SEM and TEM images. Raman data indicates that at 250 cycles of ozone exposure there is a slight increase in the I D /I G ratio and continues to increase with 500 cycles. As expected, the I D /I G ratio for 4 s ozone pulse times is consistently higher 
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than at a 2 s one. Interestingly, this is also the case for PCNTs, indicating that a 4 s ozone pulse time does causes some interaction to occur on the PCNTs surface, while a 2 s ozone pulse does not, regardless of ALD cycle number (supporting information 37 Fig. 3 ). SEM, TEM, and Raman data all provide clear evidence that ozone begins to cause damage to NCNTs at a temperature of 150 C; however, the mechanism of damage remains unclear. HRTEM was employed in order to gain a better understanding toward the ozone mechanism. As outlined in Fig. 5 , HRTEM reveals the extent of damage NCNTs undergo at various temperatures. Figure 5 (a) indicates that untreated NCNTs have an evenly distributed outer wall with a branching element from the inner wall, representing the bamboo structure of NCNTs introduced by nitrogen heteroatom doping. Figure 5(b) shows an HRTEM image of NCNTs treated with ozone at 150 C for 500 cycles. During treatment at this temperature, short tears to the outer wall begin to appear, as indicated by black arrows. Although the tears are miniscule, they appear only for the first few layers. Formation of amorphous carbon nanoparticles can also be seen as indicated by white arrows in Fig. 5(b) . Interestingly, the amorphous carbon nanoparticles appear to be rolled up components of the outer wall. Inward branching of NCNT wall is a result of heteroatom doping, and the loss of this component gives indication that ozone treatment may result in loss of nitrogen content. This would also explain the nonuniform destruction seen across NCNT surface as nitrogen content varies along the tube. Based on SEM, TEM, Raman, and HRTEM results, we can conclude that ozone treatment on NCNTs peel off the outer walls, resulting in the formation of holes. The level of ozone destruction on NCNTs can be controlled by varying reactor temperature, ozone pulse length, and cycle number. However, number of ALD cycles and pulse time also contribute to NCNT destruction, indicating that exposure is a crucial factor toward the surface modification of NCNTs. Furthermore, ozone destruction of NCNTs works by exfoliating and peeling away the outer walls of the NCNT, resulting in the formation of amorphous carbon nanoparticles and the creation of holes on the NCNT surface.
The pore characteristics of as produced NCNTs and 1000 cycle 300 C ozone treated NCNTs was investigated by nitrogen adsorption isotherms at 77 K. The nitrogen adsorptiondesorption isotherms [ Fig. 6(a) XPS analysis was conducted to determine the role of nitrogen doping during ozone treatment of NCNTs. Table I outlines the atomic percentages obtained from an XPS survey spectrum (Fig. 1 of the supporting information 37 ) of NCNTs before and after ozone treatment at 300 C for 500 cycles using a 4 s pulse.
The XPS data reveal that following ozone treatment, NCNTs are comprised of more oxygen but have decreased nitrogen and carbon content. This indicates that not only does ozone etch away the NCNTs surface, but it also causes significant changes to its chemical composition. As a result of ozone treatment, the increase in oxygen content can be ascribed to the introduction of surface hydroxyl, carbonyl, or epoxide functional groups. 40 The decrease in carbon content is due to the removal of carbon layers by ozone treatment as indicated by HRTEM images.
The XPS survey analysis also reveals that binding energies for O1s, N1s, and C1s are lower for ozone-treated NCNTs than untreated NCNTs. Typically, nitrogen doping into CNTs results in a charge transfer to occur between the less electronegative carbon to the more electronegative nitrogen. 41 In NCNTs some homopolar C-C bonds are replaced with heteropolar C-N bonds, resulting in a shift to the C1s core level toward higher binding energies. 42 If less heteropolar C-N bonds exist, the C1s core level binding energy should decrease back toward C-C homopolar bonds, as shown by presented XPS data. A negative shift in the C1s peak may also be ascribed to weaker C-C binding and larger interlayer distance between the CNT walls. 43 From Table I , nitrogen content decreases from 5.1 at. % for as produced NCNTs to 1.8 at. % for ozone-treated NCNTs. High resolution XPS of N1s before and after ozone treatment is displayed in Fig. 7 . The N1s peak for untreated NCNTs can be deconvoluted into four peaks located at 398.5, 400.9, 403.5, and 405.1 eV corresponding to pyridinic N, graphitic N, molecular N 2 , and chemisorbed N-oxides, respectively. 42 Molecular N 2 has been previously reported to predominantly exist intercalated into the graphite layers of NCNTs. 44 Pyridinic nitrogen species are nitrogen atoms that contribute to the p-system with one p-electron, while graphitic N sits in-plane and replaces a graphitic host carbon atom. 45 For ozone-treated NCNTs, only pyridinic N and graphitic N are observed, indicating a loss in diatomic molecular nitrogen and nitrogen oxide species. Furthermore, ozone treated NCNTs display a decrease in graphitic nitrogen, from 2.0% to 1.0% as well as a slight decrease in pyridinic nitrogen, from 1.3% to 0.8%. Clearly, a relationship exists between nitrogen content and the surface modification of NCNTs. It is also important to distinguish between effects induced by thermal treatment and ozone treatment. Kundu et al. 46 conducted a series of experiments toward the stability of various nitrogen species that exists within NCNTs with respect to temperature. They noted that at a temperature of 450 C, far above the temperatures used in this study, both molecular nitrogen and chemisorbed nitrogen oxide species remain with NCNTs and are detectable by XPS analysis. Clearly the disappearance of these two peaks is related to ALD ozone treatment. As mentioned previously, the peak at 403.5 eV is assigned to the incorporation of molecular nitrogen. HRTEM images indicate that following ozone treatment, exfoliation of the graphitic layers occurs. This increase in interlayer distance may result in molecular nitrogen desorbing from between graphitic layers, and resulting in the loss of this peak. Furthermore, the incorporation of holes through the basal plane of the NCNT surface will also allow for adsorbed molecular nitrogen within the tube to escape, especially under the thermal vacuum conditions of ALD. The disappearance of the peak at 405.1 eV (chemisorbed nitrogen oxide groups) is less straightforward and can be related to the decrease in pyridinic and substitution nitrogen also observed. Theoretical calculations have demonstrated that the incorporation of nitrogen atoms into the graphitic framework results in localized high charge density. 47 Nitrogen oxide species have also been shown to contain one negative charge and display nucleophilic ability, resulting in a similar localized charge density. 48 These high charge density sites are preferential locations for initiating oxidation. 49 Furthermore, chemisorbed nitrogen oxide groups are held to the surface by weak dangling bonds and can be easily removed during oxidation.
The use of ozone in an ALD process has been shown to be quite complicated and highly dependent on surface properties. Our results indicate that destruction of NCNTs surface is related to nitrogen content reacting with ozone species. We therefore propose that the uneven destruction seen in SEM, TEM, and HRTEM stem from fluctuating nitrogen content from tube to tube. Knoops et al. 50 has demonstrated that depending on the surface, ozone undergoes a recombinative surface loss process via ozone decomposition. The mechanism for O 3 surface loss on MnO 2 proposed by Li et al. 51 is considered a standard model for the decomposition pathway on other surfaces and occurs via the following mechanism, where * refers to reactive surface sites:
As mentioned previously, nitrogen sites, particularly pyridinic nitrogen and chemisorbed nitrogen sites, are areas of localized charge densities and are prone to ozone attack. Furthermore, p-type oxides have been shown to demonstrate a high activity for ozone decomposition. 52 This correlates well with recent findings that contrary to the expectation of the n-type doping nature of nitrogen, pyridines-like bonding configurations actually display p-type doping in air. 53 Pyridine nitrogen configuration may then act as a catalyst toward ozone decomposition and cause localized oxidation to occur, resulting in the removal of carbon content. As carbon content is etched away, attached graphitic substituted nitrogen will also be lost. This hypothesis is consistent with XPS data, indicating a substantial loss in graphitic, molecular, and chemisorbed nitrogen, but not pyridinic nitrogen due to its catalytic ability.
IV. SUMMARY AND CONCLUSIONS
We report, for the first time, the effect of ALD ozone on NCNTs and PCNTs. The results indicate that at temperatures of 250 C and above, ozone has a deleterious effect on the surface of NCNTs, but little or no effect on PCNTs. However, HRTEM results indicate that even at lower reactor temperatures, ozone begins to etch away at the outer wall of NCNTs. Raman measurements on ALD ozone temperature experiments indicate that an activation barrier may exist toward the selective destruction of NCNT outer wall surface. Further experimentation revealed that both pulse time and number of ALD ozone cycles also play an important role in the surface modification of NCNTs. Finally, XPS analysis revealed that ALD ozone treatment results in a decrease in pyridinic and graphitic nitrogen species while a complete loss in molecular and physisorbed nitrogen content is observed. The reaction mechanisms under ALD ozone may be associated with a recombinative process, and depends on ALD conditions as well as reacting surface species. As a result, ALD ozone treatment on NCNT leads to loss in nitrogen content and deterioration of NCNT surface. These results pave the way for understanding the use of ozone during ALD deposition on NCNTs and PCNTs while providing a method for controlling surface defects and composition of carbon nanotubes via a simple ALD process.
